Curcumin provides various biological effects through its anti-inflammatory and antioxidant properties. Moreover, curcumin exerts a neuroprotective effect against ischemic condition-induced brain damage. Protein phosphatase 2A (PP2A) is a ubiquitous serine and threonine phosphatase with various cell functions and broad substrate specificity. Especially PP2A subunit B plays an important role in nervous system. This study investigated whether curcumin regulates PP2A subunit B expression in focal cerebral ischemia. Cerebral ischemia was induced surgically by middle cerebral artery occlusion (MCAO). Adult male rats were injected with either vehicle or curcumin (50 mg/kg) 1 h after MCAO and cerebral cortex tissues were isolated 24 h after MCAO. A proteomics study, reverse transverse-PCR and Western blot analyses were performed to examine PP2A subunit B expression levels. We identified a reduction in PP2A subunit B expression in MCAO-operated animals using a proteomic approach. However, curcumin treatment prevented injury-induced reductions in PP2A subunit B levels. Reverse transverse-PCR and Western blot analyses confirmed that curcumin treatment attenuated the injury-induced reduction in PP2A subunit B levels. These findings can suggest that the possibility that curcumin maintains levels of PP2A subunit B in response to cerebral ischemia, which likely contributes to the neuroprotective function of curcumin in cerebral ischemic injury. Stroke is a leading cause of death and disability in humans. Cerebral ischemia is the most general stroke type. Cerebral ischemia leads to the generation of reactive oxygen species and activates the inflammatory response [1, 2] . Curcumin, a yellow phenolic agent present in the rhizomes of Curcuma longa Linn. (Zingiberaceae), has anti-oxidant, anti-inflammatory, and anti-cancer effects [3] [4] [5] [6] [7] [8] [9] . Moreover, curcumin has been shown to be protective in experimental models of cerebral ischemia [10] [11] [12] . Curcumin reduces infarct volume and neurological dysfunction after focal cerebral ischemia in rats [13, 14] .
Stroke is a leading cause of death and disability in humans. Cerebral ischemia is the most general stroke type. Cerebral ischemia leads to the generation of reactive oxygen species and activates the inflammatory response [1, 2] . Curcumin, a yellow phenolic agent present in the rhizomes of Curcuma longa Linn. (Zingiberaceae), has anti-oxidant, anti-inflammatory, and anti-cancer effects [3] [4] [5] [6] [7] [8] [9] . Moreover, curcumin has been shown to be protective in experimental models of cerebral ischemia [10] [11] [12] . Curcumin reduces infarct volume and neurological dysfunction after focal cerebral ischemia in rats [13, 14] .
Protein phosphatase 2A (PP2A) belongs to the family of serine and threonine protein phosphatases. PP2A modulates various cellular activities including cell metabolism, cell differentiation, development and apoptosis [15] [16] [17] . PP2A has three subunits: a structural subunit (subunit A), a regulatory subunit (subunit B), and a catalytic subunit (subunit C) [18] . Subunit A dimerizes with subunit C and binds to subunit B [19] . Subunits A and C of PP2A are expressed ubiquitously in various tissues, whereas subunit B is abundant in brain tissue. Subunit B modulates axonal outgrowth and neurogenesis in the nervous system [20, 21] . We previously demonstrated that PP2A subunit B levels decrease in focal cerebral ischemic injury [22] . Although curcumin has a neuroprotective function in ischemic injury, little is known about the underlying mechanism. We hypothesized that the neuroprotective effects of curcumin in ischemic brain injury might be due in part to modulation of PP2A subunit B expression. To investigate this hypothesis, we assessed whether curcumin regulates the expression of PP2A subunit B in a middle cerebral artery occlusion (MCAO) animal model. Adult male Sprague-Dawley rats (n=52, 210~230 g) were housed under controlled temperature (25 o C), humidity (50%), and lighting (12/12 light/dark cycle) conditions. All experimental procedures for animal use were approved by the Institutional Animal Care and Use Committee at Gyeongsang National University (GNU-LA-021). Animals were divided randomly into four groups as follows: vehicle+sham, curcumin+sham, vehicle+MCAO, and curcumin+MCAO (n=13 per group). Curcumin (Sigma, St. Louis, MO, USA) was dissolved in normal saline containing 1% dimethyl sulfoxide as the vehicle. Curcumin (50 mg/kg) or vehicle was injected intraperitoneally at 1 h after the onset of MCAO as described previously [13, 14] .
Rats were anesthetized with sodium pentobarbital (Sigma, 30 mg/kg), and MCAO was carried out according to a previously described method [23] . Briefly, the two main branches of the right common carotid artery, external carotid, and internal carotid were exposed through a midline incision. A 4/0 nylon filament with a heated rounded tip was implanted into the external carotid artery and advanced into the internal carotid artery further about 2.5 cm until the origin of the middle cerebral artery. Sham-operated animals were subjected to the same procedures except for insertion of the filament. At 24 h after the onset of permanent occlusion, animals were decapitated and the brain was collected.
Right cerebral cortices were homogenized in buffer solution (8 M urea, 4% CHAPS, ampholytes, and 40 mM Tris-HCl) followed by centrifugation at 16,000 g for 20 min at 4 o C. The supernatant was collected and protein concentration was determined by the Bradford method (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol. Immobilized pH gradient (IPG, range pH 4-7 and pH 6-9, 17 cm, Bio-Rad) gel strips were incubated in rehydration buffer (8 M urea, 2% CHAPS, 20 mM DTT, 0.5% IPG buffer, and bromophenol blue) for 13 h at room temperature. Assayed protein samples were loaded on IPG strips via a sample cup and subjected to first-dimension isoelectric focusing using an Ettan IPGphor 3 (GE Healthcare, Uppsala, Sweden) instrument with the following protocol: 250 V (15 min), 10,000 V (3 h), and then 10,000-50,000 V at 20 o C. After first-dimension separation, the strips were incubated in equilibration buffer (6 M urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl, bromophenol blue) containing DTT and iodoacetamide. Strips were then loaded onto gradient gels (7.5-17.5%) and seconddimension electrophoresis was performed using Protein-II XI electrophoresis equipment (Bio-Rad) at 5 mA for 2 h followed by 10 mA at 10 o C until the bromophenol blue dye migrated off the bottom of the gel.
The following steps were used to stain gels. Gels were fixed in a fixation solution (12% acetic acid, 50% methanol) for 2 h and stained with silver stain solution containing 0.2% silver nitrate and 0.75 mL/L formaldehyde. Gels were then washed with deionized water and developed in 0.2% sodium carbonate solution. Stained gels were scanned using an Agfar ARCUS 1200 TM (Agfar-Gevaert, Mortsel, BEL) and gel images were collected. PDQuest 2-D analysis software (Bio-Rad) was used to analyze protein spots according to a standard protocol. Protein spots were excised and destained. Gel particles were digested in trypsin-containing buffer and the extracted peptides were analyzed by a Voyager-DETM STR biospectrometry workstation (Applied Biosystem, Foster City, CA, USA) for peptide mass fingerprinting. MS-Fit and ProFound programs were used to detect proteins and SWISS-PROT and NCBI were used as the protein sequences. For proteomic study, right cerebral cortices were separately performed and were repeated three times. These data was presented as average for each experimental data.
Right cerebral cortices were homogenized in lysis buffer (1 M Tris-HCI, 5 M sodium chloride, 0.5% sodium deoxycholate, 10% sodium dodecyl sulfate, 1% sodium azide, 10% NP-40) containing 200 µM phenylmethylsulfonyl fluoride and centrifuged at 15,000 g for 20 min at 4 o C. Supernatants were collected and protein concentration was determined using a bicinchoninic acid kit (Pierce, Rockford, IL, USA) according to the manufacturer's protocol. Equal volumes of protein (30 µg per sample) were electrophoresed on 10% SDSpolyacrylamide gels. Proteins were transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). To minimize non-specific antibody binding, membranes were blocked with skim milk for 1 h at room temperature. Membranes were washed in Tris-buffered saline containing 0.1% Tween-20 (TBST) and then incubated with anti-PP2A subunit B antibody (diluted 1:1,000, Cell Signaling Technology, Beverly, MA, USA) and anti-actin (diluted 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) as primary antibodies. After washing with TBST, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5,000; Pierce), and Amersham ECL western blotting detection reagents (GE Healthcare, Uppsala, Sweden) were used to detect signals according to the manufacturer's manual. Intensity analysis was carried out using SigmaGel 1.0 (Jandel Scientific, San Rafael, CA, USA) and SigmaPlot 4.0 (SPSS Inc., Point Richmond, CA, USA).
Total RNA from right cerebral cortices was extracted using Trizol reagent according to the instructions of the manufacturer (Invitrogen, Carlsbad, CA, USA). RNA (1 µg) was reverse-transcribed using the Superscript III first-strand system for reverse transcription-PCR (Invitrogen) according to the manufacturer's protocol. The primers sequences used to amplify the PP2A subunit B were 5'-CCTGGTATGCCAAACTCGAT-3' (forward primer), 5'-ACAATAGCCACCTGGTCGTC-3' (reverse primer). The primers sequences used to amplify actin were 5'-GGGTCAGAAGGACTCCTACG-3' (forward primer), and 5'-GGTCTCAAACATGATCTGGG-3' (reverse primer). PCR reactions were performed as follows: 5 min at 94 All data are expressed as means±S.E.M. Results in each group were compared by two-way analysis of variance (ANOVA) followed by post-hoc Scheffe's test. P<0.05 was considered to represent statistical significance.
We found a change in PP2A subunit B protein spots in response to curcumin treatment after surgical induction of focal cerebral ischemia using a proteomic approach. Reverse transcription-PCR and Western blot analyses also showed changes in PP2A subunit B levels in response to curcumin treatment. PP2A subunit B transcript level was lower in the vehicle+MCAO group than the sham-operated group, while curcumin treatment attenuated the injury-induced decrease in PP2A subunit B transcript levels ( Figure 2 ). Transcript levels of PP2A subunit B were similar in the vehicle+sham and curcumin+sham groups. Western blot analysis revealed that PP2A subunit B protein level was decreased in the vehicle+ MCAO group compared to the sham-operated group. Curcumin prevented the injury-induced decrease in PP2A subunit B protein expression (Figure 3 ).
Curcumin exerts a neuroprotective effect following focal cerebral ischemia through its anti-inflammatory and anti-oxidant effects [3] [4] [5] [6] [7] [8] . Moreover, curcumin decreases infarct volume and prevents neuronal cell death by modulating apoptosis signaling pathways in cerebral ischemia [14] . In this study, we clearly showed that MCAO injury reduces expression of PP2A subunit B, whereas curcumin treatment prevents this decrease.
It is well known that PP2A can modulate physiological neuronal function and neuronal cell activity, including cell development and apoptosis [15] [16] [17] . A reduction in PP2A mediates the neurodegenerative disease processes and a decrease in PP2A activity contributes to Alzheimer's disease [24, 25] . Moreover, PP2A plays a critical role in regulating the phosphorylation of the microtubuleassociated protein tau [26] . Tau binds to tubulin to stabilize microtubules, and assembles tubulin into microtubules. Tau exists mostly in neurons and modulates the stability of axonal microtubules. PP2A has the ability to dephosphorylate tau. A reduction in PP2A activity leads to hyperphosphorylation of tau [24] [25] [26] . The phosphorylation of tau leads to aggregation of microtubules and formation of neurofibrillary tangles. Moreover, neurofibrillary tangles cause neuronal degeneration, cognitive impairment, and synaptic dysfunction [28] [29] [30] . Hyperphosphorylated tau results in axonal degeneration and ultimately induces a neuronal disorder [25] . The phosphorylation of tau protein can be modulated by PP2A [26] . Thus, consistent maintenance of PP2A levels is considered to be an essential event in the modulation of physiological neuronal cell function. Among PP2A subunits, the regulatory B subunit is mostly found in nerve tissue and regulates various roles of PP2A in the nervous system. Thus, it is accepted that in the brain, subunit B can regulate the substrate specificity of PP2A [19] . In this study, our proteomic approach clearly showed that MCAO-induced injury diminished the expression of PP2A subunit B, while curcumin treatment prevented the injury-induced decline in expression of PP2A subunit B. Moreover, we clearly demonstrated regulation of PP2A subunit B expression by curcumin treatment during MCAO injury using reverse transcription-PCR and western blot analyses. Curcumin restored the injury-induced decrease in PP2A subunit B expression. The maintenance of PP2A subunit B by curcumin in focal cerebral ischemia could ultimately lead to prevention of neuronal cell death. Although further studies are needed to elucidate the relation between curcumin and PP2A subunit B, our results suggest that curcumin maintains the levels of PP2A subunit B expression in an MCAO animal model, and that the maintenance of PP2A subunit B expression contributes to the neuroprotective function of curcumin. In conclusion, we demonstrated that curcumin modulates PP2A subunit B expression in focal cerebral ischemia and that regulation of the level of PP2A subunit B by curcumin mediates the protection of neuronal cells.
